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Nuclear energy is playing a vital role in 
the life of every man, woman, and child in the 
United States today. In the years ahead it will 
affect increasingly all the peoples of the earth. 
It is essential that all Americans gain an 
understanding of this vital force if they are to 
discharge thoughtfully their responsibilities as 
citizens and if they are to realize fully the 
myriad benefits that nuclear energy offers 
them. 

The United States Atomic Energy Com- 
mission provides this booklet to help you 
achieve such understanding. 
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Nuclear Reactors 



Introduction 

The (liscovery of luiclciir Hssioii, aiuiouiiced by the German 
seicntUs, Otto llalin and Fritz Strassinann, in Jannary J939, set the 
stage for the era of atoniie energy development. Bnt the real beginning 
eanie 3 years later when a gronp of scientists led by Enrieo Fermi 
demonstrated that a self-sustaining fission chain reaction could he 
acliieved and, more important, could be eontrolled. 

Fermi's operation of the first nuclear reactor began at 3:25 p.m. on 
l)ecendier2, 1942, in an improvised laboratory beneath the stadium.at 
the University of Chicago, liy today's standards it was a fairly crude 
apparatus — essentially an assembly of uranium and graphite bricks 
about 24^2 feet on a side and 19 feet high. The method of.assembly, 
which was simply to place one brick on top of another, gave rise to the 
name "atomic pile"; "nuclear reactor" is now the preferred term.* 

Several huiulred nuclear reactors have been placed in operation in 
the United States since then, i.ater we will discuss the various ways in 
which reactors are being used and examine the major development 
programs. Before we do this we should first discuss general reactor 
principles, 



*See The First Reactor^ another booklet hi this scries. 
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r/ie fint of two 60-foot-high steam generators (left) rests on its 
^pedestal. On the right, the reactor vessel is lowered into place at the 
Palisades Nuclear Power Station at South Haven, Michigan. This 
light-water reactor will have a net capacity of 700,000 kilowatts of 
electricity. 
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How Reactors Work 



The best place to start is with the fission reaction itself, in this 
reaction the center, or nucleus, of certain atoms, upon being struck by 
a subatomic particle called a neutron, splits into two radioactive 
fragments called fission products. These fly apart at great speed and 
generate heat as they collide with surrounding matter. The splitting of 
an atomic nucleus is accompanied by the emission of gamma radiation, 
similar to X rays, and by the release of two or three additional 
neutrons. The released neutrons may in turn strike other nuclei, causing 
further fissions, and so on. When this process contiimes we have what h 
known as a chain reaction.* 
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^1 fission reaction. 

A miclear reactor is simply a device for starting and controlling a 
^elf-sustaining fission chain reaction. For reasons that will become 
evident, it could as well be called a "neutron machine". 

Nuclear reactors are used in several ways: 

1. To supply intense fields or beams of neutrons for scientific 
experiments. 

2. To produce new elements or materials by neutron irradiation. 

3. To furnish heat for electric power generation, propulsion, 
industrial processes, or other applications. 

The basic parts of a nuclear reactor are: 

1 . A core of fuel. 

2. A neutron moderator, which is a material that aids the fission 
process by slowing down the neutrons. 



*VoT basic atomic science, see Our Atomic Worldf a companion booklet in 
this series. 




(1) CONTROL RODS 



'COOLANT OUT 



(2) REACTOR VESSEL (TOP IS 
REMOVABLE FOR REFUELING) 

(3) THERMAL SHIELD 




Vertical vro.is section of a pressarized-water nuclear reactor, 

3. A meaiH of regulating the lunnhcr of free lIeutroll^ and tlierel)\ 
eoiitrolling the rate of fi.ssion, 

4. A coolant, whieh reinoxes the heat generated in the eore. 

5. Radiation .-hiehling. 

The Fuel The essential ingredient of reactor fuel i> a fi>sionahle 
material that is. a std)stance that readil\ hreaLs apart (or fission^) when 
struck l)\ neutrons. The onl\ naturall\ occurring std)>taiice fisbionalde 
by slow neutrons is uraninni-235, an i.sotoi)e of uranium con^tituting 




h\ss lhaii 1% (actually 0.71%) of uranium as il is foumi in riaUirc. 
Almost all the rt^st of tin* natural dt^uuMit i> uraniutu-23B, which is 
called a fertile material hecau>c it can be coiucrtcd into a fissionable 
Mibstaiice namely, phUouiuni. This occurs when ur;uiiuin>238 is 
irradiated by neutrons.* 

Keact<.)r fuel u^ua il) contains a mixture of fissionable and fertile 
nuteriai^. A^ the fuel is Irradiated in the cour^c of reactor operation, 
atoms of the fi^^ionablc material arc cun^nmed. at the snne tinic,Mei(; 
fissionable atoms are formed from the fertile material. The ratio of new 
fissionable atoms con^Mmed to new fidsiiuiable atoms formed dependb 
on the dcHgn of the reactor. It is po.<^ible to achic\c a small net gain of 
fissionable mater^al^ in a breeder reactor, but almost all present-day 
rraetors operate with a net lo^^ of fissionable material. Incidentall) , in 
prodiieing more fi.ss ion able material than it consumes, a breeder reactor 
does not qualify as a magical machine. Breeding is simply a \vay,t)\cr a 
long period of tinur, of efficicnti) coiuerting fertile materials to 
fissionable materials, thereby assuring good nsc of our nuclear fuel 
resources. 




Pellets of uranium dioxide that 
will be fabricated into Jael as- 
semblies, lyiien these assemblies 
are plaeed in the eort> of a 
nuclear reactor^ each pellet can 
produce as much energy as more 
than a ton of eo<d. 



The percentage of fissionable atoms in the fuel mixture is an 
important factor because it affecth the physical .^i/.e of the reactor. The 
richer the fuel is lit fis>ionable atoms, the more compact the reactor can 
be. There are practical limits to this but we arc not coiiccriied with 
them here. Some react or^ are fueled with natural uranium in which, as 
was noted above, the toneentratioii of fi.ssionable atoms i.^k\ss than \%. 



^Similarly, anothiT fis^iionable subi^tance, uranium 233, can he produced by 
mHitron irra<hatiou of the etcnicut tlioriuiii. There are tlius three ha^ic fissionable 
materials (uraiuum-235, plutoninui. and uraniuni-233) and two fertile malerials 
(uranluin>23B and tlioriuni). 



Some reai**or> use >liglill) enriched iiraiiiiiiiK M)inc, c>pcciall\ tlioM; 
(le>igiu'<l fur prnpuLsioii applications, u litre toiupaclne&.s i.s e.specialK 
iiuporUnt. 11^0 highly enriched nraniuni.'^* 

Aiiolli T imporlaiil a>pecl of reactor I'ucI i& the ph)&.ical lorin in 
which it is n>ed. Sonic react or> nsc a tliiid fuel, »neh as an aqueous 
.solution of enriched uranium. Hut in the main the fuel is a 
solid either metallic uranium or a eeramie sueh a» uranium oxide. The 
solid fuel material i> fahrieated into \ariou» Muall shapes — plale^, 
pellets, pins, etc. which are n.-^uall) chL^tered together in a.>.Nomhlie> 
called fuel eh-mcnt.N. A reactor core inav contain from tens to hmulrcd» 
of these fuel a^^enddie^ lield in a fixed geometrical pa Hern hv means of 
grid plates. 



Loivonn*: a fiwl (lysomblv into '^'^^ ' 
a n*(ivt<fr core. 



*Knric!ied iiraniiuu, ranging in fissionable content from \% on up to W/our 
more. i> obtained by putting the natural ek.iient tlirougli an botope-scparation 
proee.*.<. 
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The containment vessel of the Vermont Yankee Plant during construc- 
tion at yenton, yermont. 
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AliiUKsl all .M)liil I'ucI <'K'nirnl> iiu'orpornlr \s\\i\[ kiiouii as fuel 
da(i<liiig. Uiko llir lorm o( »i proU'clixo toalinjj or An\\i\\ llial 

prc\(*nl> (lircd (-(inlat-l hclwcoii llic I'licl nialrrial and llic rt'aclor 
((H)laiil and alx) >ervc> as pari td' llic striiclnrr o( ihc fnd clrnirnl. 
Zin oniiun alKi\s arc tonnnonl) used .is (Jad<ling inaU-rials in powtT 
roaft(>r>. ainniinuin is generally used in rt'searcli rraclors.* 

Ilu' Moderator Nenlron> lihoralcd in a chain reaction lra\cl al fir>l 
al \cr) high >pced>. Thc\ lose >pecd a> llic\ collide cla>licall\ wilh 
snrrouiiding mailer in ihc rCiicU>r core. 1'hi> \o>> oi' >\H Vil U dcsirahic 
hecan^' >lou -iiioxing nculrons arc more clTctli\c in triggtring l'i>>ion 
llian are ta>l !icu Irons. Ihil if \er\ inan\ colliMon> are in\ol\c<l, an 
indixidiial nculrcni runs i.oM>idcrahlc ri>k of humping inlo an aloni llial 
will ah.vorh il improdut li\cl\ . (l''i>>ion pr(Klncl>. for example, rcadil\ 
al)M)rh nculron>.) Whal i> needed, ihercfore, i> a nialerial llial has ihe 
ahilil) lo >lo\\ down nenlrons (piicklx and which, al ihe >amc iimc.lias 
liUlc leiideiic) lo ah.Mirh nciilroii>. Such a inalerial i> called a 
modcralor. 

\ciilron> lia\c a m.i>s approNiinalely llie >ainc a> lliat of a li\ <lrogcii 
aloin; llicreforc malcrial> conlaining a ctnitciilr.itioii of hwlrt^geii or 
olhcr lighlweighl aloni> are ihe ino>l cffeclixc mo*leraU)r>.'^ MalcriaU 
used for ihis piirpo>c include or<linar} walcr, licav\ water* J grapliilc. 
herylliiiiii, and cerlaiii organic compounds. 

ll i> ol)\ioii> llial ihc iiKKlcralor should he well di>lril)ulcd williin 
llic fuel /.one. In M>me rcaciors llii> i> accoinpli>lied h_\ ihc >p.uing of 
llic fuel olciiiciil>. in ollicr> llie fuel ami modcralor inalerials arc 
inlinialciv uii.ved lo^ellicr. 

ll >lioiild he added thai rcaclor> n>ing highl\ enriched fuel in a 
conecnlraled arra> arc tapahic of operating with fa>t neutron.^ .ind 
lIuTclorc do not rccjuire a moderator. Su<'h >\>tem> arc known fa>t 
reactors. 

The Control System Most nuclear reactors arc controlled hy 
regulating the "population" of iicutrt>ii> in the tt^rc. This is done with 



*For more information about atom«c fuel, sec Atomic Fuel and Sources of 
Auc/<vir FucL two companion booklets in tliis scries. 

♦To niulerstand the reason for this it U onl\ neccs.*ar\ to inugine trxinj: to 
us«* a bowling ball to >low down a ping>pon^ hall. 

t Heavy water L< water that contains significant!) more than the natural 
proportion (one in 6.500) of hcavx hulrogen (deutvnum) atoms to ordinary 
hydrogen atonL<. Ifeavx water is Ut^d as a moderator m some reactors beeaUHMt 
>lows down nentron> cffectivel) and also lla^a hm cros8 section for ah>orption of 
neutrons. Kor dcfin^tlon^ of otlier imfamiltar words s<'c Xuclear Terms^ A Brief 
Glossary, another booklet in this scries. 
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cuiitrol '*poi^oll^*' ^llllst«ult'e^« >iicli «is horoii add cadrniuni, tliat have 
\er\ high cocfriciciitd for neutron ab^orptio(l. (In effect, a eontrol 
puiM)n acts a^ a ntutron blotter.) UmkiIIv tlle^e ^ul)^ta^ee^ are insert ed 
into t!ie reaetor b\ ^lean^ of adjn:$table rodb. ealled eontrol rtd^. A 
reactor ma\ be equipped with one >ci of eontrol rod> (referred to as 
regulating rod^) for routine control purpo?e». and a Mipplenientary »et 
(referred to a^ ^afet\ rod^) to permit rapid ^hutdown in an emergency. 



77ie core of the Experimental Breeder 
Reactor 'So, 2. In the foreground are 
the hold-down and ^ripper drive 
shafts: in the background are the 
c on trol-rod drive shafts, Th is is a 
lifiuid-inetal-cooled fast reactor. 

It will be recalled that eaeli fi^^iotling atom of fuel releases two or 
three nentro^^. The free neutron^ exibl for a very ^llorl lime — perhaps 
about one ten-thou:>andtIi of a ^econd — between the lime lliey arc 
relea^ed and the time lhe\ trigger another fi^^ion c\cnt or are other wi:>e 
absorbed. On tIli^ basis, if only a slight increase in the neutron 
population were to take place from one neutron generation to the next, 
the rate of fi^^ion conid ea^il^ multiply many hundreds of time^ every 
H'cond. Kortiinatel). *onie neutrons are not relea^ed instantaneously. 
H\ keeping down the neutron population of the ^)stem to the point 
\%liere delayed lleutron^ are needed to ^u^tain the fi»ion chain 

reaction, the i».erinal rate illerea^e.•> are only I or 2% per second. They 
are gradual enough to be kept readily under control. 

From llie.«-e few faet.> the rudinuMits of reactor eontrol can be 
gra^ped. When fuel i.s loaded into the device, a number of regulating and 
^afet\ rods are in the "in" position. When the reactor is fully loaded it 
i^ placed in operation by withdrawing the safely rods and partially 
withdrawing the regulating rods. The latter ^tcp is carried out gradually 
and in re^pon^c to ^igllal^ from nentron connting in>tnmients u>cd to 
monitor the rate of ll-^Mon. 0/icc the reactor is critical, meaning that 
the chain reaction has become ."^clf-.^^iistaining. movement of the 
regulating rods> beconie.>« a matter of adjustment to maintain steady- 
^tate operating eoiulitions. If the operator want^ to increase the power 
level that i>. the steady -.state reaction rate — the regulating rods arc 
further withdrawn arul then again adju^ted as needed. If ho wants to 
>hut dow n the reaetor. the regidating and ^afct\ rods are fully inserted. 




A related aispcet of reactor operation that should be mentioned at 
tin? juncture is loss of reaetivity. \ye have seen thai, as fuel is 
consumed, fission products are formed. These substances absorb 
nentron> wastefully and. a> thc\ aecumulatc. reduce the rcaclivity of 
the fuel. (It is as though a fire were gradually smothered by its own 




Schematic o/ the Experimental Breeder Reactor No, 2, 

aJies.) To eonipcnsite for thi> effect (and also for the consumption of 
fuel) it iji necessar\ to load the reactor with more fuel than the bare 
miniiiunu needed to get a chain reaction started. This extra fuel 
provide^ excess reaetivit) that can he drawn upon to keep the reaction 
going. It i.< held in check by a balancing anu)nnt of control poisons, 
which are gradually reinoNed a.s the operation proceeds. The amount of 
execN'- react ivit\ required lia^ an important hearing on the de.'jign of the 
control system. 

The Heat Rcnu)val Sy.stcni The pattern of energ\- release in the 
fission process is shown on the following page. 



Kinetic energ\- of fission products 84.0% 
Kinetic energ\' of neutrons 2.5 
Jnstautaneous release of ganuna ra\'s 2.5 
Gradual radioactive decav of fission products 1 i.O 

100.0% 

As the fission products (and ueutron>) collide with >urrounding matter, 
their kinetic energy is more or less in^tantl> converted to heat. Most of 
the heat is generated within the reactor core. 

II the reactor is operated at cs>cntially zero power (oidy a few 
\vatts). the small amount of heat that generated can h:; allowed to 
dissipate itself, and no cooling system i^ needed. But iwoA reactor.-^ 
operate at appreciable power levels (kilowatts or nicgawatt> of heat 
output) ami therefore must he cooled to prevent overheating and 
melting the core. In power, propulnon, or :ndu^trial procc>s applica- 
tions. the heat that is carried away from tiu- core i:^. of course, the 
primary product of the reactor. 

One of the most interesting things ahout miclear reactor^^ is that 
they are capable, in principle, of operation at xirtnalK any power level : 
the limiting factor, from a practical ^tandpoint, i^ the rate at which the 
cooling system can carry the heat away from the core. Some reactors 
rely upon natural convection of the coolant, ^uo^t, however, arc 
equipped with a forced circulation system. Variou^ coolants are used, 
including gases such as air. helium, and carbon dioxide; liquids such as 
ordmar>- water, heavy water, ami certain organic compounds, and liquid 
metals such as sodimn and lithium. In some reactor>, the coolant .-^crxes 
also as the neutron moilerator. in other>. the coolant and moderator are 
separate materials. 

Reactors used for research are generally operated at fairlv low 
temperatures (below 200°F). Keactor> u:^ed for power generation or 
pnopnlsion operate at relatively high temperatures (above SOO'T) to 
facilitate conversion of the heat to electrical or motive power. 

The Radiation Shield That part of the fission cnerg\' release that 
does not instantly appear as heat appears as penetrating atomic 
radiation. Nuclear reactors must therefore be heavily shielded. Here a 
distinction should be made between an internal or "thennar' shield, 
which is used in high-power reactors to protect the walls of the reactor 
vessel from radiation damage, and the more familiar external or 
*'biologieal'' shield, which serves to protect persoimel from radiation 
exposure. The internal shield usually eonsij^ts of a steel lining: the 
evtcrnal shield typically takes the form of several feet of higb-density 
concrete surrounding the reactor installation. 
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Reactor Design 



\l llii? llic rcadrr iimv wt ll lie xiMiali/.iuga iiutlrar rraclur a.s 
a kind of llirc ' diinonHonai and vt ry higliv-pct d pinball game pla\c<l 
Willi iiciilron.s in a hu\ uf I'lul aad lUiidt ralur aluiii.«», uilli an adju.^laMc 
plunger for conlrol and a fan t\>r iouiin^. Wlial doe.-* a reatlur louk like? 
The answer is lIuU many iM^italK dit'feronl. reat lor design.- ha\e been 
worked onl and many mure are p()^^ibIe, (See diagrain.'* in llic 
Appendix un page 46,) 

Tliere are .-c\eral reason.-* fur llie innlliplicil} of reaelor de^gn?. 
Fir^U as lia> l)een lironglu tml. ihe designer lia.s a w iile i^huite of rcaelur 
materials. Sicond. lliere i.- a !)road ^pecl^Uln of reaclur nse>. Third. 
dinV-renl reaelor tlcsigner> uflen ha\e different idea? a* lu llie best \\a\ 
of designing ii reaelor for a given purpose, 

ll is lime now lo lalk a!)onl how reaelor.- arc n?ed and lu look in on 
llic principal areas of development and application. 




The /,eru Power Reactor So. :i at the AI'X's Ari:onne National 
l.alf oratory in Illinois, //.s experimental (lata reveal problem area,s m 
the (lesion of lar^re plutoninm-fuAvil fmt reavtor.s. Tim mock-np reactor 
is operated at .sz/c/j hju leveh of radioavtmty that a lufnid coolant and 
hc(U \ permanent shielding' are not needed. For te.st.s the two halves are 
slonh brought to^^cther: the ramp ts raised to deflect .stra\ radiations 
that are set up between the halves. 
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Research, Teaching, and Materials Testing Reactors 



Research Reactors Research reactors are a uniquely versatile 
>oiirce of atomic radiation for expcriineiital pnrpofee&. Some cxaniplob 
of the ways in which thev can serve Mihjcct areas of >C!eMce are. 

iSitclear physics. Studying nuclear reactions by irradiating target 
materials. 

Solid-state physics, Delcrniiuing tlic cr\\stal structure of materijis 
by neutron diffraction techniques. 

Radiation chemistry . Studv ing the cffcct> of radiation on chemical 
reactions and on the properties of materials such as plastics. 

,\nalytical chemistry. Identifying trace impurities in material a by 
activation analysis techniques,* 

Biology. Inducing genetic mutations in plant species by seed 
irradiation. 

Medicine. Experimental treatment of certain brain cancers by a 
technique known as neutron capture thcrapy.t 

Other, Production of radioi>otopes for use in laboratory programs. 

In some experiments, materials are inserted in the reactor for 
irradiation, in others, c.xpcrimcntai apparatus is ^ct up in the path of 
neutron bcam> cmaiMting from openings (port>) in the reactor shield. 

Research reactors arc usually categorized by their neutron flux, 
meaning the intensity of the neutron fields or beams they generate. 
Neutron flux i> related to the power level at which a reactor operates, 
but also depends on design factors. 

There arc several ba^cally different research reactor designs. The 
two most commonly used are pool reactors and tank reactors. In the 
former, the reactor core is suspended in a deep, open pool of water, 
wliich serves as- coolant, moderator, and radiation shield. This arrange- 
ment afford> flexibility, ^incc the position of the core can easily be 
sliiftcd and experimental apparatus can readily be positioned; aldo it 
perniits direct observation of the proceedings. 

In tank reactors, the reactor core is held in a fixed position inside a 
closed tank. The coolant most often used is ordinary water, hut some 
mstallations use heavy water. Tank reactors generally operate at higher 



*Every species of radioactive atom has a distinctive pattern of radioactive 
decay. In activation analysis, a sample is made radioactive by neutron activation. 
[\y analyzing the resulting radioactivity with sensitive detection instmmcnts, the 
identity of substances present in the sample is determined. For more about this 
subject, see Seutron Activation Analysis and Spectroscopy^ other booklets in this 
scries. 

iSec Radioisotopes in Medicine^ anotlier booklet in this series. 




The glow given off by this 
training reactor core is called 
Cerenkov radiation. It occurs 
when electrically charged par- 
ticles pass through a trans- 
parent medium at a velocity 
in excess of the speed of light 
in that medium. 



power levels than pool reactor^ aiul therefore as a rule provide a higher 
neutron flux. 

It is difficult to generalize on the cost of research reactors since 
much depends on the type and extent of auxiliary facilities provided. In 
ven- round numbers, the capital co?t of a pool reactor installation, 
including a building and supporting facilities, is generally in.the range of 
$1,000,000 to S3,000,000. A corresponding range for a tank reactor 
installation is S1,000,000 to $5,000,000.* 

Teaching Reactors These are small, low-flux reactors designed to 
be used as teaching aids and to meet limited research and radioisotope 
production requirements. There are several types on the market. Some 
are self-contained units shipped as prepackaged assemblies ready for 
installation in available laboratory space. Their cost is in the $100,000 
to $200,000 range, delivered and installed. Others, somewhat more 
elaborate but also more versatile, range in cost up to about $500,000, 



*For more information, see Research Reactors^ a companion booklet in this 
series. 
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Materials Testing Reactors Tlic^o arc high flux roaolorj^ u^^ocl lo Ic.^l 
llio |)tTrornwni.(* of roacUir iiuUnal.^ and rquiptiKMil coinponoiiU uiulor 
irradialioii. lfier('f)\ oblaiiiiiij: data o^^o^tial for now roa ♦ jr dt^iiiiis. 
TlioN giMiorall) carr\ a (li\or&o U'*l load and are upcTalod principall) in 
?npporl of power reactor development progranl^. Tiie large^l in>lalla- 
litin 111 >er\iee in the United State> i.s the Ad\a!ieed '1V>1 Keactor (ATK) 
at the Atoiiiii Miierg) Conuni>MonV National Keaelor Te.^ling Station 
near Idaho- Kall.s, Idaho. The ATK, c^iinilar in de>ign lo a tank-type 
re^eareh roaetor bnt inncli larger, opera te^ at power level ^ up lo 
250,000 kilowall> heal ontpnl and repre^enl^ an in\e.^tinent of 
appro\inulel\ 838.000,000. It i^ eq nipped willi in -pile le.^l loop.^ that 
make it po.^ible lo coiidnet nian\ irradiation e.\perimenli> under 
lemperalnre. pressure, and flow condilion> representative of aelnal 
power reaetor operation. 



The com of the Idvanced Test Reactor (A TR), which achieved 
inilial criticalit\ in Jidy 1967. is iL\ed for testing fuels and 
materials in a high-neutron-in tensity environment. The view 
below i'eieals the upper end of the l-lobed serpentine core, 
situated 19 feet below the react or\'i top head. The straight 
*'pipes'\ire two of the nine in-pile tubes that ivill provide spaces 
for inserting samples of reactor fuels and structural materials to 
be performance- teste (I. The 12 curved pipes contain detector 
instrumen ts used to control reactor power. 
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Production Reactors 



AI)out a dozen produelion reactors havcM)ccir built in the United 
Slates to Mippl\ plutoniuin for defense stockpiles. These facilities are 
located at two A\\C prodnelion eeriters — the llanford Works at 
Richland, Washington, and the Savannah River Plant near Aiken, South 
Carolina. 




The front face of a llanford plutonmm 
production reactor shows operators on 
the work platform preparing to 
* 'charge^* fuel elements into one of the 
more than 3000 process tubes. As 
fresh fuel elements are inserted^ the 
irradiated fuel elements they replace 
are ejected from the discharge end of 
the tube at the rear face. 



The reader will recall that plutoninrn is formed by neutron 
irradiation of uraninni-238. The general name for the process of making 
one chemical element from another is transnuitalion. The specific 
reaction can be written: 

uranium'^38 + one neutron uraninm-239 



uranium-239 - 



2.3 minutes 



ucptuuinm-239 



neptnuinm-239 ^ ^ ^^^^ > pluloninni-239 

Tlli^ in effect means that uranium-239 and neptunium-239, both highly 
uudlable subbtanecs with relatively short half-lives (2.3 minutes and 2.3 
daus* rei>peeti\ely), are formed as intermediate products, the latter 
throwing off a beta particlct to form plutonium. 

The production steps are: (I) fabrication of natural uranium metal 
into fuel elements, (2) operation of a reactor with these fuel elements, 



^Meaning, iu the case of neptuniunu for example* that half of the atoms 
undergo radioactive deca\ every 2.3 days. Thus, if lliere are 100 neptunium atoms 
in a sample at lime zero, there will be 50 atoms 2.3 days later, 25 atoms 2.3 days 
after that. etc. 

t Au electron eniitteJ from an atomic nucleus is called a beta particle, symboK 
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thereby Irradiating the uraniuni-238, (3) ttMiiporan underwattT storage 
of the irradiated fuel eh'nienti^ to allow a period of time for radioactive 
deca\ —a step known as deeay eooling, and (4) chemical proeessingof 
the still intensely radioactive material to remove fission produets 
(w hich are then stored in underground waste tanks) and to separate the 
plutonium from the residual uranium. 

The lianford reactors are moderated with graphite and cooled with 
ordinary water. They are large (building-size) graphite structures 
honey cornhed with tubes into which cylindrical fuel slugs are loaded 
and through whieh the cooling water flows. The Savannah River 
reaetor.N are tank-type unit&, moderated and eooled with heavy water. 

The heal generated in all Iml one of the existing plutonium 
production reactors is at too low a t»»riiperature to be useful. 

The Ball Safety System of ihe 
^^ reactor is an emergency shut- 
down capability independent of the 
reactor's control rods. Embedded in 
the biological shield on top of the 
reactor are hoppers, each of which 
holds 108 samarium oxule balls 
(like the ones in front of the 
operator in the photo). The hopper 
^ates will open if any of a number 
of '\mt-of limits'' events occur; 
these nentron-ahsorhing balls are 
then poured into the reactor 
through vertical channels. They ab- 
sorb so many neutrons that the 
chain reaction is stopped and the 
reactor shuts down. 

A rather special kind of nuclear power plant, the N Reactor 
(sometimes called the New Production Reactor) is at Hanford. It was 
the nation s first dual-purpose reactor. It is owned and operated hy the 
•\I'X and produces special nuclear material for government stockpile 
purposes; its original design, however, provided for the recovery of the 
waste heat. The Washington Public Power Supply System later received 
approval to build a nearby steam power plant in which the hot water 
from the reactor is used to generate steam. The plant has a generating 
capacity of 790,000 kilowatts of electric power, equivalent fo that of 
two Bonneville Dams, and it began serving the Pacific Northwest in 
April 1966. 

EJJC 




Reactors for Kleclric Power Generalion 



Civiliiiii Nuclrar Pi)\vcr Programs In i DnviMilioiial >UMtiholrclric 
{HfUtT planU. a to<>il furl (loal. vuKor tialural i> huriUMl in a luiilor 
ami llic n Milling lu al i.-^ u.-^rd lo grucrah' >U'aiiL The >U'aui is iim;(I, in 
Uirii. U> ilrivt' a lurliot^inrralor. tluToln prodnting oloclricil) . In a 
nuclear puwor planl, a nutlrar rtMtlur furni>lic5 i\\v liral. llio rrarlur 
llnis i^uhsliluto.s tor llir convcnlioiial hoilrr. 




77if.N pli<)ti}^rnpli, Uih'ii Demih 
hiir2(K at the UlCs ,V«- 

titiiial Hour tar Testing Statum tii 
liUiluK sliow.s tli(* first use af 
electric power from utomit- on- 
er^). The hiilhs are lighted h) the 
generator at right that operates on 
heat from the llxperimeutal 
Breeder Reactor, 



The (Irainalic. alino.-^l ovornighl cinorgoncc of unclear power a> a 
major factor in iho I . ehv Irical cnorg\ Cv >i lonn \\n> hern one of ihe 
tmni reniarkahle (leNclopnieul.-* in our coniilr) V in(hi>lrial hi>lor\ . \l 
llie j^larl of ihe V)(}0> the L .S. ro.-ler of civilian nnelear power projecl.- 
wa?; liniilcd U> a few denu)n^lralion unil^ wilh capaoilie> in ihe 
neighhorhood of 200.000 kiloxwills and a innnher of small experi- 
inenlal or prololN pe nml.*» wilh capacilie.s in ihc range of '5000 lo 
90,000 kilowall^. Hv llie end of 1003 several large-sealc 
(400.000-600.000 kilouall) proje* is had heen anderlaken. The fir>l lo 
he lii en>ed for ton-lrm lion was a ^:i0.000•kilouall nnil al San Onofre, 
which reieixed il.- con>lrnclio!i permil in March 1064. In mid-1965 
uldilv <aniou!iv ononis of iomiiufvial nuclear power projecl^ hegan lo 
jiallier monienlum. I»\ ihe Imu San Onofre had heen bnill and hronglil 
up lo full power (januar} 1968) nearU 50.000.000 kilowaiis of 
nuclear power capacil) had heen m heduled for touslruelion. liy llie 
end of I06B ihe lolal luul ri.stn lo more lhan 72.000,000 kihnvalls. 
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On tht* n^ht an* tlw liuhts of lUnuilinin 
Pittslntr^h, Thv ^^hipinniiimrt XiomiK Pouvr 
Sttilum (tihon'K I lit' fust full at ah\ mulrar 
via Iru .\(atuni huilt cxt Iumi rl\ fttr t udmn 
;ii'<w/.\ pnmdv^ Iru it\ for thv hoiiws and 
fat toru\\ of tlw ^rmtrr l*tthhur^h an*a. Tlu' 
juviisunzi'd uattT nuu lor, nlinli nou //«.\ a 
OOJHHhnvt * Ivi tru al hdttn att t afnint\^ ^r- 
**(Ui connnt^ft lal oiionilion in /9:)7. Tho 
rea^tttr /> /// llio laruv Uuddlnu in ihcKvnicr, 

(Sec pilgos 41 44 l\»r a eonii^lolo lisl l>y .^lal*'.) One way of 
providing per>pt'( li\c on ihi- lignro i> lo >a) thai il rcpn'SfiiU a 
financial coiuiuiiiiu>nu for plaiil> alone, of >oiiic\\Iicn' in the nrighhur- 
hotnl t»f $l()j)0(),{UK).()()(). AuolluTaiul r\fn more iinprc.-?i\c \va> is lo 
poiiU oul lhal llu' iiislallod capa(il\ of iho I .S, HfclrKal in<lii>lr> al 
llu' >larl of W orld War 11 lolalloil oii'iv I2.()00J)()() kilo\vall>. 

As llio iliiniMision of llie luiclcar con>lrnL'lfoii program grew, ihc 
(mil A/x of ihr pla/il> iiitrcaM-d. \l llu- end of V}iA\, llu largol midear 
miil> on order uerc in the 1,000 lo IJOO.OOO-kilouall range, and 
llie aremgo nnil si/.e ua> a(»o\e 80()J)()() kilo\will>. These figiire> 
heeome all llie more impressive when tine realize- lhal i/p Ui ihe mid 
PJ.IO."- ihe large>l eoiueiiliinial >leani cKh Irii miil Ui:?er\ite in ihe L'.S. 
had a capaeiiy of only 250,000 kil()wall^. 

In ihe main, ihe luielear power planls commilled lo dale are 
.-ehedided lo :?larl opera lion in ihe 1970 197f> period. The e\pet lalion 
al lhi> wriling i.s lhal h\ 1975 stnne 70.000,000 kiloualU- of nnelear 
capaeil) will he in umimertial ^erxite.and lhal h\ 1980 ihe lolal uill 
lune inerea>ed lo ahoul MO.OOO.OOO kihnwilUs, If ihe laller e.vpecla- 
lion i^ home onl. imtlear po\>er uonld llion «(ti.ounl for .t[)pro\imalel\ 
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Btg Rock Point i^uclear Plant, 
Uxnitcd ncAir Charlevoix, Michigan, 
has a 70 A 00 nc t-vMu: trical-k ilowa 1 1 
capacity^ 




The San Onofrc jViic/e«r 
Cp. n c ra t ing S ta tion near 
San Qenumtc, California, has 
a 430,000'kiloivatt capacity. 





Browns Ferry Nuclear Power Plant 
under construction near Decatur, 
Alabama. This view shows two of 
the three boiling-water reactors. Its 
total generating capacity will be 
over 3,000,000 kilowatts. It will be 
the largest atomic generating proj- 
ect in the world wk'^n it is com- 
pleted in the 1970s, 



'2'}% of llu- coiiiiln s total olretrical capacity and, because of 
operational ccoiioiuiir.s. for an even higher percentage of the total 
electrical ontput. I.ookiiig .<till further into the future, many helieve 
that hy the end of this century nuclear power will account for half of 
the total electrical output and for c:s<entially all power generating 
capacity built thereafter.* 

Having spoken of nuclear powcrV status and prospects, it is of 
interest now to trace its evolution and to s;iy soinetliing about its 
technology". 

Designs of power reactors for ehictrie pou , generation received 
some attention during and inuncdiatcly following the wartime atomic 
bomb program (Manhattan Project), but a systematic .vscarch and 
de\clopment effort toward this objeetive did not get under way until 
I9WJ. In that year the U.S. Atomic ICncrg\* Conuuission formed a 
Division of Reactor Development (now the Division of Reactor 
Development and Technology) to pursue this and other fields of power 
reactor application. Kor the first 5 years or so the emphasis was placed 
(HI acquiring fundamental knowledge and studying the basic character- 
istics of several promising reactor design concepts. During this period 
the work was largely carried out in A KG laboratories, some of which 
were operated for the AKC by universities and others by industrial 
contractors. Keactor technology bo:e a security classification in those 
days: moreover, laws then in effect rescivcd for the Clovernment the 
right to own power reaetor.s and corollary facilities. Hy 1954 both of 
these barricr^ to private initiative in imclcar power development had 
been removed and, with encouraging results being reported from the 
research work, the stage was set for a concentrated government- 
industry development effort. 

Accordingly, the AKC initiated a Power Demonstration Reactor 
Program under which it provided financial and other assistance to 
electric utility companies and manufacturers prepared to undertake, 
pioneering reactor eon.^truction projcct.s, .Most of the experimental and 
prototype projects referred to earlier were carried out within the 
framework of tins program. Additionally, several pioneering projects, 
including two demonstration plants, were undertaken wholly with 
private financing. This pattern held until late 1963. By then the 
technology of at least two reactor systcn)s (described on the f*cxt page) 
was conndered .sufficiently proven to permit imclcar power to enter the 
era of routine commercial application, and, with one exception, all 
large-scale projects initiated since tliat time iiavc been undertaken 



*See Suclear Power Plants^ a companion booklet hi this series. 



wilhoul go\eriimt^nl Mipporl. The one cxccplioii imoKcd a promising 
new lypc of reactor syslcin. 

Man\ (lii'l'crcnt t\pc* of rcacU)r ^\^lcIn^ uorc ^UNlic(l in llic co^lr^e 
of the re>carcli and dcxdopnu'iil effort (^o^cril)t;(^ abo\c, however, two 
^\>lem> emerged a> the mo^t promi^ing for near- ter m apphtat ion -the 
prei^nrized-water reactor and the hoihng-water reactor. Both emplo) 
onlinar) water (a^ di^linel from heav^v water) a^ the coolant and 
moderator. In the pre>Mirized water ^^^tem, the water ii^ kept under 
sutlieient prc-^i-ure to prevent hulk hoiling in the reactor \eb>el and 
^leam to run the turbine-generator i^ prcnluced in a s^eparate unit of 
equipment (>team generator). In the hoiling-water ^\^lem. the water 
allowed to boil in the reactor \e^^el. therebv producing ^team that i^ 
fed directl) to the turbine-generator. The former 5«\5«tem was first 
developed for ^ub^larine propul.<«ion. Pre^^nri^ed- and boiling-water 
reactors eompleteU dominate the commercial U.S. nuclear po\ver 
market at the present time. A prospective competitor, which at this 
writing i^ ju^t going through the pace> of largCMale demonstration, i^ 
the Migh-Temperature Gas-(!ooled Reactor (IITGIl), 

The economic l)enefit^ of micl ear power are twolold, I'irst. it ^^ 
helping to reduce the co^t of generating elcctricit) in areas of the 
counlr) dependent in the pa>t on high-co>t tWil fucl^. SecondK , the 
abilil) to draw on atomic fuel re^o^^rce^ greatly .strengthen? the 
country s long-range energy position. 

In the lirst connection, a point worth mentioning i> that, because of 
the compactne?? of atomic fuel and ton?equent elimination of fuel 
transportation eo>t differentials, nuclear power will in time act to 
standardize eleclricit) co?t.> acroic* the nation. How compact i? atomic 
fuel? Well, the fi?>i(>iting of I gram c fissionable material releases 
23.000 kilowatt liour> of heat. Thi? niean> that I ton of uranium has 
roughlv the .^ime potential fuel value a> 3.000.000 tons of coal or 
12,000.000 barreU of oil. In practice oidy a small fraction of the 
potential en erg) \alue of atomic fuel i.** extracted during a single cycle 
of reactor operation. K\en ?ti, a ton of reactor fuel still ?ulKslitntes for 
many fully loaded freight trains of conventional fuel. 

In the second cotmecli(m, it i.*« a remarkable fact that, with bareK 
more than of the world V population, the United .State.** produces 
and conMHiie.** more than one-third of the world V electricity. An 
equally remarkable &tati?lic i? that, (aking all form? of energy into 
account, the United SU\U> will probably u?e a.s much energy from fuel 
in the next 20 years as in all its history. And the rale of fuel 
conMHuplion i? expected to double in the 20 year.** thereafter. If this 
trend continues, our reMT\e> of fossil fuel?, \ast a? they are, will 




I 




I smgh' tnirklixul t)f riinrhod ur<miuui-*J'(5 am ,\n}fply the total 
**!*u tnnil pniivr utuuh iff a t it , of 200.000 people for nyuir. Cities of 
that (ipproxmmtv size mt Indv l',up*iu\ Orvpm; Vortlaiul, Maine: and 
lialei^Iu Vor/// Ciiroliiui, 
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progressively lie depleted. Opinion varies on this point, bnt even 
allowing for the di^e(lver\ of new deposit>, the chances are that if fossil 
fuels continue to earr\' as large a share of our energy burden as they do 
now, we will liegin to experience some depletion effects as early as the 
turn of the centur\ . Our reM>urces of nuclear fuels are lar^e and if we 
>ueee>sfulK develop teclinolog\' for breeding (producing more fi^sion- 
able fuel from fertile material than is consumed in the operation of a 
reactor). the\ will be almost limitless. Ultimately, though, we may have 
to look to atill other eiierg\' sources, and that may be where 
//zermo nuclear power comes iti (see discussion on page 40). 

Putting nuclear power on a competitive footing with conventional 
power has not been an easy task, for conventional power had the 
benefit of a long history of development. A good indicator of the 
progresfe that wa^ made in the conventional power field is the efficiency 
of fuel utilization. About the time of World War II the average fuel 
eonsumption in the U. S. electric utility industry was 1 .3 pounds of 
coal (or the equivalent) per kilowatt-hour of electricity produced; 
today it i& less than 0.9 pounds — a gain in efficiency of 30%. An even 
better iiulieator is the unit cost of power generation, which, on a 
national average, is about the simie today as it was 20 years ago despite 
steep increases in labor, equipment, and construction materials costs. 

The electric utilit\ industry gains have been accomplished in three 
principal ways: (I) by raising the temperature and pressure of steam 
boiler operation, thereby delivering higher quality steam to the 
turbine -genera tor and achieving improved efficiency in converting heat 
to electricity. (2) by increasing the size of power generating installa- 
tions, vvluL'h tends to reduce the capital investment per unit of plant 
capacity and thereby lower fixed charges per unit of power output, and 
(3) by refinements in plant and equipment design. These same avenues 
have been ami will continue to be traveled in the development of 
nuclear power iechnolog>\ As time goes on, however, the most 
important gains to be expected in miclear power technology lie in 
bringing breeder reactors into commercial use. This objective is being 
pursued with vigor and will probably entail another cycle of govern- 
ment- iiulustr>' partnership effort similar to that described above. 
Liquid-sodium-cooled fast (i.e., unmoderated) reactors are presently 
receiving the greatest emphasis and the outlook is for systems of this 
tvpc to achieve routine commercial application sometime (iuring the 
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Reactors to Supply Heal 



III the United States, as in an inereasiiig number of countries, 
engineers arc turning to the sea as a reservoir from which to draw to 
relie\e present water shortage* and help meet future requirenientb. 
Nuclear reaelor> are a proniibing nu^aub of bUppIv iiig the heat required 
for na^h didtillatiuii and other proeesi>eb being developed for large-bcale 
i»ea water de:;alting opera tioiib. In many areas where there is a substantial 
demand for fresh water, there is also a complementary demand for 
electricity. In these situation^, large dual-purpose water and electricity 
producing reactor plant* offer possibilities for UbC in the near future. 
Studies to this end are being conducted by the AKC in collaboration 
with the Office of Saline Water of the Department of the Interior 
(donie>tic applieation*) and with other countries and international 
organizations,* 

Where large-scale requirements are to be met, reactors are also a 
promising means of bUppIv ing low-temperature (up to 400**F) steam for 
industrial processing operations such as drying, evaporation, or distilla- 
tion. In 1968 plans were announced for a large dual-purpose installation 
in Michigan to supply electricity to the grid of a utility and process 
steam to a plant coinple.K of a large chemical company. 

Some day reactors may also be used to supply high- temperature 
heat (I500-3000°F) for industrial processes such as coal gasification. 
However such applications must await further development of high 
temperature reactor technology and hence lie in the indefinite future. 

An exciting e.Ktensiou of multi-purpose reactors is the concept of 
''agro-industrial complexes" — i.e., large nuclear reactor centers that 
would supply low-cost electricity, process steam, and possibly also 
ionizing radiation for the production of a range of industrial and 
agricultural products. The reference here to ionizing radiation should 
perhaps be amplified by saying that there are two possibilities: (1) the 
use of radiation as a means of preserving food stuffs (radiopasteuriza- 
tion) or disinfecting grain (radiosterilization),t and (2) the possibility, 
inherently longer range, of producing basic chemicals by radiation 
processing. It is envisioned that the construction of such nuclear energy 
centers could provide a means of developing wholly new industrial and 
agricultural complexes in developing nations. In this field, as in straight 
water desalting, the AEC is conducting studies and exploring possibili- 
ties for application in collaboration with other countries. 



*Sec Nuclear Energy for Desalting^ another booklet in this series. 
tSee Radiation Preservation of Food, another booklet in this series. 
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Reactors at Sea 



The fir^l power reactor ever built began operation oii March 30, 
1933, in a ^ection of a >ubnurine hull *it thr National Reactor 'IVsliiig 
Station in Idaho. Tbi^ land-babed installation \\ab the t'ortTurnier ot the 
pre>>urize(l-\\ater i.\steiu used in the buhinarine, \}SS Nautilus, which 
WiKs launehed the folK)\\ing \ car and began mm trial> in 1955. Such wore 
the firbt inilestones of the :\a\al Reactor^ Program, a joint effort of the 
Na\y and the Atomic Gnerg) Conunibbion, which hub revolutionized 
naval strategy. 

Congreb^ ba^ authorized 106 luiclear-powored dubniarine>, one Deep 
Submergence Rcfecarch Vein tic. and i>e\en nuclear-powered surface 
>bipb. Of i\ii't>v 1 1 i ^hips. 81 buliinarine^ and 4^urfaee ship.^ have been 
placed in operation and lunc stcaiiu^d o\er 13,000.000 inile^. The 
principal ela&i>e» of &hip.s, all of which are powered l)\ pre>surized water 
reactors, are: 



Class 



I,ead ship 



Kasl Attack Submarine 

i^o)ari^ Missile Submarine 

Deep Submergence iles.earch Vehicle 

Destroyer 

Cmiser 

Aircraft Carrier 



USS Skipjack 

USS Gvorgc IVashingion 

MM 

USS Bainbridgc 
USS Long Hcach - » 
USS Enterprise 
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The revolutionary nature of tins fleet i> \l jjrtniarily to the 
eompaetne^^ of atomic tuel aiul, in the case of « .tomarincs. to the fact 
that i)\\gen i& not recjuired for engine operatl >ii. T\ .o<, factors translate 
into iutrea.^ed range and eruibing ^peed and the va^acit) for sustained 
submersion by subninrines. 

To illu&trate. touxentional dicM;l powered »ubin*irinc» ha\e a maxi- 
nnnn .^nrfaee ^pee(l of .tbout 18 kru)ts whi I: lbe\ can sustain forotdy 
half an hour or m). Their perfornumce underwater ir> <.\en more limited. 
World War II bub marines ti)uld make ord) 8 knots submerged, and after 
an hour at thi^ »peed had to rcMirfaee to recharge their batteries. They 
operate ^ubmerged les.^ than 15% of the time the) are on sea dut\ . In 
contra^t, inielear-powered ^nbmilrine^ tharacteribtically operate sub- 
merged more than half of the time. Tlic\ can ^team at full power for 
da)b or e\en wcek> and travel fa>ter uiulerwater than on the Mirface, 
Their niaxinnuii >peed ha& not been disclosed but ii> known to be in 
c\ee^^ of 20 knots. Tbeir range i^ remarkable, for example, the long-life 
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///(' / Mnli'rprirr ((oronround) nnd tho I >>* Long litMi'li. 



(t»it- MOW Iniuti ih-^Lillttl 111 luit tt .ir -^tilMii.inut^ will piupcl the .^liip lor 
.ip{)ri»\iinati'l\ lOO.OOO iiiilc>. 

hi niii>|>iT \%\. [hv [<> l'lntcrj>rL<o. I'SS Loti^ lUuicli, niul I'SS 
iHtinhrul^i' t oiiiplt'tftl HptMhoti St a Oihii. .( 0.") . .*{(). r)()r)-iuil<' 
iMtiiitl-tlu uoiM i rm-t t t>iti[»!( !} iVt t r* fut liti^ ui lol^i^^ii ^^lppo^l 
(it auN kuitl. np< i.ttioti-v !ik< [hi!^ lia\( (!« iiiou.-^ti.di^l * iMi* [\u 
AhU[\ i*( nU( it ar [Mnvrn <1 .-liip.- U* (*p<r.it( o\ri tiK .it (li>(.(iii < .-^ .tt lii^li 
•spi-iMK » onipK lel\ liuM' o^loJri^li(' .Mi|)porl. 

Spi .ikiM*! of <li<staitM > at -ra, ihf liiiiiilx i that * oini'> to iiiliul i«> 
.{.")() jU)0 itiil< >. whhh [\u (rui-^ih^ raii^t of tlu iiui It ai* powrrcd 
III* r Jiant "-hip Snnnttah, \ MiiitMn.ttidu pa.-*N'ii*itT < .irgt^ tin* N> 

(for \«*lrar Ship) >\namtalK \va> htiiit a> a joint projtM t of thr 
Maritmn* \(liniiu-trati*>ri and the \toini* Kntrg\ (^>niMii^<ioM to 
<h'iiioii^lr.(tr th< Mt( t\ atitl n lialHlit) of ti.-nig luithar propulsion for 
(ONUiuTu.il pnrpo.H(\«s. TIk' Sauinnali (\\>[f\iin> ()()() ton> and i> 
[KMvtrtd h\ a pr< ^>nri/,<'d \\at<T >\>trin that d<Ti\<T> 22.000 .^luft 
liorM[)ourr. >li< .Hati>fa» torily * tMnpl< tod a trial> in l%2 and i> 
prt.M'utK h< iii:i op( rat<<l in (onini<T< ial targi> HT\i(< . Thron|ih PK)8 
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The VS Savannah during ono of her sea trials. 



>lu' lia> coniphut'd ahoul 350,000 inilt's of Iravel. The firsl fuel 
rrplamiuMil look [>lact> in iht* fall of 1968 \vlu;n four hpare dcnuMil.s 
(tiul of 32) wen* iiK^lallc'd. riu'M* will allow conliiiutMl opera I ion fo- 
ahoul 2 years. 

The potential eiononiii a(hantage> of luicleiir propuL<ion for 
commercial \c^>clh are. (1) elimination of fuel hpaccs, thub making nu)re 
>pate and tonnage a\aiLd>le for uirgt». and (2) iiupro\cd >hip utilization, 
due tu higher t rui>iug .^peetl ami dimiuatitiu t^f the need for frequent 
refueling. \t pre.^ent theM* ad\aiitage.<« are tancelled out l)\ the fact that 
the tapital io>t.*« of lun har propulsion equipnu^nl are ^uh^tantiall\ 
higher than tho.^^e <»f lomentioiial etpiipment. Opinion \arieh on when 
the t)alautc will ^hjfi in fa\ or of nuclear propulMon but it \> expected 
that thi> will oiwn in cargo applicationb, huch as higli'>peed con- 
tainerized cargo ship> on long trade rt>ute^.* 



*For morr aI)ont tins topic see A'tjc/ecr I'otver and Mercfiant Shipfmg, a 
companion booklet in thb scries. 

erJc i : 



Reactors in Space 



In space, as on .^ml and sea. aloniie energy promises lo pavo llie 
%va\ iiUo llie rulnrc. A^ pajloadft grow larger and llie energ) required lo 
ino\e llieni around in space increabcs, llie nuclear rockel wjll greally 
inc^ea^e llie pro^nilMon capahilih of our >pace >eliicleb. Kleclric power 
generated Uk»u\ radio i^olope^ or nuclear reaclori> will conlinnc lo 
become more iniporlaiil a> wo move far I her from llie >un, at> mi.>sioii 
lilolilnc^ in spact iinTca>e, or ah power re(jnireinenl> become greater for 
more sopliislicakwl payloads. 

Rocket Propulsion The National Aeronautics and Space Adniinis* 
tralioii and the Aloniii Knerg) Coinini.>.>ioii jointh .spoiiM)r a program 
to develop nuclear rockel engines for space missions. 

In a nuclear rockel, li(]ui(l hydrogen^' is pumped into a nuclear 
ro-^-ioi where it is healed lo a high temperature and ejected (as gaseous 
Ii)drogen) by expanding it through a nozzle, iherohy developing thrust. 

The specific impulse — that is, the pounds of thrust per pound of 
propellant ejetled per second that can he achie\ed in sutli a b>slein i> 
osliinated to he two lo three limes that of chemical rockets. 

Kxtrcmely high reactor outlet temperatures are required for 
efficient performance of a nuclear rocket. Ver) large power output,*^— 
millions of kilowatt.^ of heat are required, and the reactor must he 
able to start and stop quickly and at the precise time needed. 

In the NASA-AKC program, the mainstream development effort is 
the 75,0(K).pound-thrust flight engine called NEllVA (Nuclear Kngine 
for Rocket Vehicle Application). This engine, which is being designed 
by the Aerojet-General and Westingliouse Electric Corpora- 
tions, will be higlil) reliable, and will ha\e a specific impulse nearly 
twice that of the most advanced chemical rocket engines and the 
capability for multiple restarts in space. 

NKKVA is based on 14 years of analytical and experimental 
research by the Los Alamos Scientific Lalxuatory (LASL) and NEKVA 
contractors. The goals of the nuclear rocket technology program arc: 
(I) provide basic graphite leclinoh)gy and design concepts for nuclear 
rockets, (2) e Mend graphite rc^olor teclinolog)' to improve efficiency 
and increase power, (3) provide technology for flight reactors Iwscd on 
graphite reactor technology, and (4) provide a nuclear rocket engine 
system leelinology. Aerojet-General and Westingliouse have recently 



*IIydrogoii L« liquid at temperatures iesi? Uian 20^K. For a description of the 
extensive low-temperature teclinology tliat supports nuclear propulsion for space, 
see Cryogenics, The Uncommon Coldf atiotlier booklet in this series. 



complcled U'Sliiig a j^roiitul-bast'd experirneiUal engine lo obUiin 
additional dala tu'edcd for (4). 

The nalional silo ior-iiuelear roekel reaelor and engine lesis (and 
tnymually coniplele .^lages) is llie Nuclear Koekel Developmenl Slalion 
(NKl)S) located in Jaeka^.^ Flals. Nevada. The major insUdlalions in use 
al Ihe Slalion are Tesl Cell "C'\ a reaelor lesl eell: Kngine Tesl Slarid 




No. I; H-MAI), a reaelor niainlenance. assembly, and disassembly 
building; and lv\IAI), an engine mainienanee, assembly, and dissassem- 
biy building.* 

In addilion lo llie NKKVA work, ihe nuelear rockel program also 
swpporls oiher roseareh for ihe exlension of nuelear roekel leehnology. 
LASL. Ihe Lewis Keseareh Cenler. i\hirshall Spaee Flighl Cenler. ami 
many olher goverimienl laboralories. univer^ilies. indublrial organi/.a- 
lions, and research inslilules are involved in lhi& efforl. Aclivilies of 
parlieular inleresl are: (I) advaneemenls in reaelor fuel leehnology, 
(2) invesligalion of materials properties and advanced reaelor compo- 
nenls. developmenl of nuclear vehiele leelmohig)', aiul (4) invesliga- 
lion of Ihc feasibility of advaneed nuelear roekel eoneepts. 

Electrical Power The first application of aKmiie energy in space 
was a device that generates small amounts (watts) of eleetrieily by 
♦hermoeleetrie conversion of the heat given off by a radioactive isotope 

*Sce Nuclear Propulsion for Space, a companion booklet in this series. 
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a.N il (loca\^. Tlioniiooloclrii coiucr^lon Is llic gciieralioii of dcelricilN 
(in ^pecial M'micoiuliiclor dovict'> callod llicriuocouplos) due lo llio 
coiuluclion of heal ihrotigli llu'so dcvicci?. 

On Juiir 29, 19^)1, ail isolopc power source SNAP-3A weighing 
5 pounds and generaling 2.7 walLs of ehuUrieiU wa.^ carried inlo orhil 
ahoard a Na\v iia\ igalioiial iHilelHle. ll provides power for two of ihe 



The SNAP-3A generator 
(white hall at bottom), 
attached to a satellite to 
provide energy for the 
satell{te\s transmitters^ was 
the first use of atomic 
power in space. Launched 
in 1961 with a design life 
of 5 years. SNAP^SA is 
still operating. 



salollile s four radio iraiisiiiillers, and thus gives ships and aircrafl a 
worhlwide meaiib of delerniiiiiiig their positions eleetronieally. Other 
radioisotopic power sources, generating up to 66 watts of power for 
salelliies, have heeii hiunched since that time inchiding the Apollo 
ALStli* experiment package and the Ninihus-B weather satellite. The 
nuclear devices in these Siitellites were developed as part of the AEC 
space electric' power program. 

As part of the same program, two classes of compact nuclear 
reaeto^^ are heing developed for the higher power s>pace applicatioiib of 
the future. Their power outputs range from ahout I kilowatt to 
thousands of kilowatts.* 

Cla^^e^ of space Ini^^ion^ and roactt>r power concepls are descrihed 
helow. 

Some unmanned satellites of the 1970s will need at least several 
kllowatt^ of electricity. If the mi^i>ion requirements permit the vehicle 
to he long and slender, the shielding weight for unmanned spacecraft 




*See SNAP'-Nuclear Space Reactors, a companion hooklct in this series. 
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ull! he low enough so thai rtMClors will bv eoiiipclilivo with isotopes or 
iioniiueloar power al power Icvd.s ahovo ahoul 1-2 kw. Prohahly 
among llu; rarlir.sl ilscs ol\spa(o rcaelor power planU will he in manned 
space sialions and lunar ha^e applicalions. one or holli of which may l)c 
launched in the 197C^. In those missioua;, which recpiirc heavy shioldiug, 
reactor u&c is adxanlageoui; ahovc ahout 10-15 kw. At power levels of 
ahoul 50 kw aiul ahovc, which would he required in i>paee stations aiul 
electrical propulsion mi^sions, rcJors have unicjue advanUiges overall 
otiicr power concept:?. 

The first .<pace reactor developed was a litjuid-nietah 

cooled zirconium hydridcmudcriited reactor with a thermal power 
output of 50 kw. This reactor together with a 500-watt thermoelectric 
generator was designated .SNAP- 1 OA, A flight version of SNAIMOA was 
launched aiul tested in orhit in 1965, and an idtjntical model was tested 
on the ground for over a ycar» 




5V \P'27 (iirroii) shoan on tin* moon, provides electrical power for the 
ILSI'.P instrnments hft by Apollo 12, Its nitninnm power mtpiit of 
63 watts comes from the heat of the radioactive decay of paitonntm- 
238, 1 tliermoelectri(. system converts the heat directly mto electrtcity. 



The present program is concentrating on two general categoricA of 
space power reactors (I) the /.irtonium h\dride thermal reactor, vvhicli 
makes maxinnim use of currentlv availahle technolog\ and (2) the 



hidi lom|irriiliiro rvM ior> \\\i'u\i will Ik- u.-^otl ftir mi^.^itniMif llir lOHOs. 
The 7.in (Miliini liulridc* rcat U^r uill Ik xd |)riiuaril\ uilli lIuTiiUK'h t- 
ir\i ionxcrMoii (whit It has uo iiioxitig [)tirl.< (or \}o\\vr pRKliiclloii) in 
llir 10 35 ku ningc .nul willi llic iiUTdiry Kankine SN'AP-H >y>UMii in 
ihv "M)' 70 kw raniic. lh»wc\tT» llic liijili olTlt iriuy HraN Ion or orgaiiit 
Uaiikino t:\dc U*clni(>lo<:\ may cxlcml iW power rapahiliU <»!' llu* 
/Jrooniinn liulridr rtMclor io prrliapr*^ 100 kw, 

l\)\vrr f(»r «'lct Irio propulsion a,> well as l\»r aii\iliar\ power ii^cs on 
llic >pac<HTall is also hoiiig tloNclopiul. In firt irit propiilsitMi, ihriisl is 
prtKliut'd by ojcc ling a liigh cnerjiN heani of < IcilritallN or t^lft Iroinaji- 
nclitaM) at crlcralcd vapor. This tonhl K\ul lo si|:nilKanll\ iniproxod 
spare pr(»pnlsion s\^lcnis. KIct Irit prtipnisioii is a K»w-llirnsl uMK<'pl 
and Would 1)0 nsrti «Hd\ tor pr«>pclliit«: spacftrafl tnicc iW\ wen* 
lauiiHird from llic carlli hy oilier niraus. 

Kor liijilu'r puw«:r, or for lowt'r power pjanl wciglu^. ad\an(rd .^pau! 
power sy>lenis Using high Uinperalnre. fasl reactors are ret[nired. The 
two power sNsleni toneepls lhal show ihe nu»sl promise ft»r ihis 
ptirpo,>e are llie in-tore lliermit>nii rcailor and i\\v p(»lassium Kankine 
c\L*le willi a high leniperalnrt'. lit[nid-melal'Cooled reaelor. In a 
lliermitmit geiieralor. eletlritih is pr^Mhued l»y einissioii of (hxlrtms' 
from a healed t alliode (as in an elet Ironit vatmnn Inhe). In ihe in-etire 
ihermioiiit. concepl. ihe talluMles and tolh < lors are inU'gral parU(»f Ihe 
reatlor fuel elcnienls. recpiiring fuel tJad leniperaltires artnunl 3000*^1'*. 
The liquid inelal to<~ded rcacl(»r. polassinm-Kankinc s\^lem hoils and 
ioiideiiM's polassinni in a lnlIc similar U* lhal t>f a vonvenlitnial sleam 
power planL Inil al peak leniperalnres artmnd -000^1'\ in ord<»r lo 
allaiii Ihc eompaelnoss recjuired in >paee sy.<lcms. 



SiSAl*'lU)li /> a proiotypif of a <;om/iac/ 
/ii/<7ear rem tttr that nia\ <mc day supply 
poui*r on tlui moon ttr alumni n spacecraft. 
The reactor system uses much of the 
technolo^:} of the S^Al^ lOl ami at full- 
poncr operation u ill prothice 600 kilo- 
natts of thermal energy. Here a technician 
mscrts one of 211 fuel elements mto the 
core i'cs,\el durii*^ mitmi criticality ex- 
periments. 
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These pliotograplis ,ecord the sequence of events during <i 
drlihcnite core destruction experunent in tlieSKRT-l facility at 
the .National Reactor Testing Station. The area on view is the top 
of the reactor^ which uas inst(dlcd in an open tank below ground 
leveL (A) A rod eon taming excess reactivity at upper right is 

Reactor Safety 

Can a nuclear reactor blow up like an atomic bomb? The 
answer is: iVo. lii the first place, ihe fuel used in reaetors eoiild 
iiol be made lo explode even in a bomb. In the second plaec. 
ihe design pnneiples are entirely different. In a simple type of 
bomb* two or more pieces of esseiUially pure fissionable material 
are rapidly brought together to form a critical mass and arc held 
in compression long enough for a ver\- large explosive force to he 
generated. In a reacto r there i> nothing to hold the fuel together. If a 
rnnawti) reaction oc( ur>. the intense heat generated canae^ the fuel to 
melt or otherwise come apart. Keactort are so dengned that, if this 
happens the fuel teiid> to di^per^e and the reaction autoniaticall) 
btops>. Indeed, inoit t\pet of reactor> ha\e an iidierent >elf-regulatiiig 
characteri.stie iii that as the temperature l)egiii> to ri^e the reaction 
slows down. 

Apart frorn the phjsical damage to the reactor, the iiu)st serious 
hazard in the event of fuel meltdown or a ^truetural failure, or au\ 
other eoneei\abl" reat tor accident- i^ ihe potable escape of radioac- 
ti\it\ . There are thui> two main a^pect^ of reactor .sifet\ . (I) pre\entiou 
of reactor accidcllt^. aiul (2) containment of radioacti\it\ in the c\ent 
of an accident. 




c 





driien down into ///c core. (B) Svveuty-nine milliseconds after 
paik power iras reached, steatu bvgius escaping. (C) One hundred 
and five tnilUsecnnds after peak power, some of the test appanitns 
is - hnjcked out of place. (D) One hundred and twenty-seven 
milliseconds after peak power, «// det(dls are hidden by escaping 
steam. 

Prevcnlion of rcaclor accidc/il.-i slarl:* with ct)nscrvali\e design of 
tho roacl.jr lorc and tonlrtd ^\^l(;nl and LonM;r\ali\e ciiginoeriiig of the 
roaotor ^Il^taIlat^oIl. Maxiiiuini advantage i^ taken of natnral lawi> to 
build i.diorent >aft:t\ fcatn^c^ into tho M>teiii. Starting with thi^ ha>e, 
{\u: do>igncr ^e^k^ io anticipate tho po.N^ihlo ^onrte:> (if human error and 
rhu trcmei hauit al faihire and to inako pr(>\i>ioii (or thoni in tho design, 
l or o.xaiiiple. >afel\ rod^. which autoinaticalK ill^o^t theIn^<d\e^ into 
the rraL-tt)r when prort ninit>art rt:athrd.*irc de>igiiod on a "fail >afe'' 
basis. 

Aooident pro\ontioii taki;.< lur. ly other forms, Mich as lh<: oaro that 
i.» taken lo.oeletlaiul train operating personnel and lo^pecif\ operating 
pro(:ednro^. Hcfore a nuclear power plant ina\ be huilt in tho United 
StatOb. rigorou^ >afol\ rf\iew proee(lnrc> Inu^t '17c follow odnTfijImling, 
among other >ti;p>. a >pe(.ifit .-afet\ review of the proposed project h\ 
the Al'i(' and an impartial board of reactor expert--^ (Advisory 
Committee on Keattor .Safeguard>). Thi^ rt:\iew take> into account not 
onK the feature> of the propo>ed reactor installation hnt al.M) the 
enviroiunoiilal charactrristii.^ of the propo>ed location di>lance from 
population center>. terrain, meteorological condittoh>. and the like. A 
similar but e\en more detailed re\iew i.^ made before a licence i> granted 
to operate the plant. Once the plant \> in .-^erNice. an amenduienl It) the 
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IkeiiM' iiiii>l l)c ohlaincd he lure »iti\ ^ig^it'ici^ll cliiitige riui) he made in 
the phitil or ils operating pattern. 

Ill the eotitaitiuieut a^peel of reaelor >al'ety, fi>sioii products 
aeeoiitit lor riearlv ali the radioactivit) in nio>l power reaetor^. >o they 
are what nIl!^l be contained. In normal operation, the fission prodiiclb 
are loeked iti the I'nel hy ihe tiiel cladding, whieli i^ thub ihe plant V firs-t 
line of de^en^e iigaiiibt relea^e of radioacti\it\ Tliib material lea\es the 
pre^li^e^. so lo bpeak. when ''bpent'' (n^ed) fuel elcnietU:> arc removed 
from the reactor and shipped to a fuel reproees>rng plant. Traec 
amoiint> of fi^^ion produets. that escape into the reactor coolant 
through (lefect^ in the fuel cladding are bcaxenged from the coolant h\ 
piirificatioti equipment, packaged and shipped to an AI^C bite for bide 
bnriai.i 



Core of the Special Power Excursion 
Reactor Test No. 4 (SPERT- t). This 
IS II se d f or sa f l» ty tes ts, su c h as 
determining the way in which fuel 
pins fad under various abnormal con- 
ditions^ and the energy thresholds for 
fuel damage and failure under acci- 
dent conditions. 

In the event a major accident bueh ab fuel melt down, bhould occur, 
large anion titb of fibbion productb would Cbcape their normal confine- 
ment in the fuel. Therefore civilian pi>wcr rcaclorbare provided with an 
additional litie of defeube Ubuall\ a gabtight enclobure. Fn mati\ plantb 
ihib takcb the form of a large containment bhcll. which encloscb the 
reactor installation. These shells arc designed to withstand the 
maximum \apor prcbbUre thai might he generated, and arc rugged 




ERLC 



*In this conncclion, il is Ihe ability of fuel and fnci cladding rnalcrials lo 
\\idisland physical dcfonnalion under irradiation which often dctcniiines the 
allowable ''fuel burnnp" —that is, the length of time fuel elements can be allowed 
to remain in a power reactor. 

tA plant at which residual fuel is recovered. 

^In some cases an airtight building Mifftccs for containment, in other plants, 
major parts of the reactor syitcm are individually contained in steel tanks. Sec 
Radioaciit^o WastcSt another Itooklet in this series. 
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Miniature fuel pin (arrowK which 
was irradiated ui the Materials Test- 
ing Reactor at the yatioiial Reactor 
Testing Station, is loaded into a fur- 
nace where it will be melted in 
pre^Hinzed stcauL iihwh simulates a 
I OSS- of coolant accident. In this way 
sn rface c oa t ings . dec on tamina t ion 
procedure:*, Mimplmg devices^ and 
raduK'hemical anal\ tical methods can 
be tested and evaluated. 




enough lu ^L•^i^l po^^iblL• ^hrapiid elTccls. They explain the familiar 
^pherieal or hcniitpherieal ^hape of ^o^ue unclear powor plaiiU. 

Over the more than iwo (^eea(^e^ that have pai<>e(l ^ilIce the Fcriui 
cxperimciiL during uhieh literally hnIldrc(^^ uf reaclur^ ofvarions lype> 
and de^ign^ ha\e been buill for a great man\ pnrpo»e.>. an improsH\e 
^afely record hat been achieved. With every new reactor and each new 
year uf operating experience, new knowledge \t> contlanlly being 
gained^ — ^and ihit h perhaps the mobl important safeguard of all. \n 
equally important tource of new knowledge it the Atomic r.ncrgy 
Comniittion s reactor tafety program. Thit it a major effort and has two 
principal a.spects. (l)tlndy of batic accident mechanitnit and (2) lest 
iiig of tafety features. In the latter, laboratory and prototype modeU of 
variout lypet of reactor tytteiut arc put through rigorout Ictts under 
extreme condition^ to determine the tafe limitt of de>igns, materialt. 
and equipment coniponciUtr 



"^For more infortiiation on reactor 
eonipaiiioii booklet in thi^ series. 



safety, sec- Atomic Power Safety, 
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Reactors of Tomorrow 



A final point thai should be made in this introduction to nuclear 
reactors is tliat ^'tomorrow" — or the day after — we may also have at 
our command an entirely different species of machine, namely 
thermonuclear reactors In such machines power would be generated by 
the controlled fusion of light atoms * rather than by the controlled 
fission of heav>- atoms. How this might be done is a subject unto itself; 
suffice it to say that scientists and engineers in at least half a dozen 
major laboratories in the United States, and their counterparts abroad, 
are busily at work on the problem. 

And so it is clear that nuclear reactors, whether activated by fission 
or fusion, will play a significant part in the affairs of men for many 
years to come. 



PHOtOCREDITS 





Comply (mMd^y;.Ten^ 
h 29 S^iet Lii^j 
K 50& 51 ANL 




♦Specifically, deuterium and/or tritium. These are isotopes of hydrogen, 
sometimes referred to as **heavy hydrogen" and "heavy heavy hydrogen." For 
more about this subject see Controlled Nuclear Fusion^ a companion booklet in 
this scries. 
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Characteristics of U. S. Civilian Power Reactor Concepts 



Prossurizcd-Water Reactor (PWR) 

FUEL Slighll) enriched nraniuni oxide dad with zireoiiium aHoy 
MODERATOR Water 
COOLANT Water 

PRESSURE OF PRIMARY SYSTEM 2.250 ponn(U per .square ineh 
(P>i) 

COOLANT OUTLET TEMPERATURE 6()r)°K 

NOTES Well developed lcclinolog\ . Coolant pre.>>iiri/e(l to pre 
vent hulk hoiliiig in eore; lienechigh operating pres^nre. 



0 



Boiling.Water Reactor (BWR) 

FUEL SameasPWR,ahove 

MODERATOR Boiling wjter 

COOLANT Boiling water 

PRESSURE OF PRIMARY SYSTEM 1 .000 psi 

COOLANT OUTLET TEMPERATURE f)50°F 

NOTES Well developed teelmolog\ . Coolant allowed to hoil in 
core, hence lower operating pro^^ure than PWl{, Ph\Heal >izc of core 
larger than in PWR. 
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High-Teniperalnrc Gas-Cooled Reactor (HTGR) 

FUEL IlighK enriched uranium earhide and thorium earhide coated 

with pyrolytic carhoii 
MODERATOR Graphite 
COOLANT Helium 

PRESSURE OF PRIMARY SYSTEM 550 700 psi 
COOLANT OUTLET TEMPERATURE approximately I400°F 

NOTES Ube ol" helium a^ coolant permits acliic\ing high tempera- 
tures (with resulting high overall plant cfficieiic)) and miuimizei, 
cor^o^ioll p^ohleln^. Core dcbign of HTGR leads to high fuel utilization 
efficieiicv. 
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Molten Salt Reactor (MSR) 



FUEL MollOM solnlioM of highly enriched nraniiun and ihorinm in 

flnoride s;ill niixlnre 
MODERATOR Graphite 
COOLANT Seu notes below 
PRESSURE OF PRIMARY SYSTEM Nominal 
COOLANT OUTLET TEMPERATURE I300°K 

NOTES Cirenlating fnel system. Concept in experimental stage. 



Liquid-Metal-Cooled Fast Breeder Reactors (LMFBR) 
Sodium-Graphite Reactor (SGR) 

FUEL Highly enriched iiraninni plntoninm oxide clad in stainless 
steel 

MODERATOR Minimal 
COOLANT Liqnidsodinm 

PRESSURE OF PRIMARY SYSTEM 100-200 psig 
COOLANT OUTLET TEMPERATURE 800-i lOO^'F 

NOTES Promise of low fnel costs and efficient ntilization of fnel 
resonrces throngh hreeding Use of bodinni a^ coolant permit.^ achieving 
high tomperatnreb at nominal presbnre, d^o, bodium is a \cry effieient 
heat tran>fer rnedinin. The handling of Midinm introdnce^ some design 
and operating complications. 

Fast Breeder Reactor (FBR) 

FUEL Highly enriched nraninm alloy clad with stainle&b ^teel (ui^e of 

nraninni-plntoninin oxides projected) 
MODERATOR None 
COOLANT Liqnidsodinm 
PRESSURE OF PRIMARY SYSTEM iNominal 
COOLANT OUTLET TEMPERATURE 800-1 ISO^F 

NOTES Promise of low fuel costs and efficient ntilization of fnel 
resources throngh hreeding. Use of hodinm as coolant permits achieving 
high temperatures at nominal pressure^ also, >odinm is a very efficient 
heat transfer niedimn. The handling of bodinni introduces some design 
and operating complications. 



Suggested References 



Books 



Atompower. Joseph M. Dukcrt, Coward-McCaiin, Inc.. New York 10016, 1962, 
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City Under the Ice: The Story of Camp Century, Charles Michael Daugherty, The 

Macniillan Company, New York 10022, 1963, 156 pp., S6.95. (Out of print 

but available through libraries.) 





i^'uclear Reactors Builu Being Built, or Planned in the (/niW 5fafe5 (TI 0^200), 
revised semiannually, U. S. Atomic Energy Commission. Clearinghouse for 
Federal Scientific and Technical Infomiation, 5285 Port Royal Koad 
Springfield, Virginia 22151, $3.00. 



The following reports are available from the Superintendent of Documents. U. S. 
Goveniment Printing Office, Washington, D. C. 20402: 

Major Activities in the Atomic Energy /Vo^amj, January'^December, issued 

annually, U. S. Atomic Energ>- Commission, about 400 pp., $1.75. 
The Nuclear Industry, revised annually. Division of Industrial Participation, U. S. 

Atomic Energy Commission, price varies with each issue. 
Forecast of Growth of Nuclear Poicer (WASIM084), Division of Operations 

Analysis and Forecasting. U. S. Atomic Energy Commission, December 1967 

50 pp., $0.35. 

Civilian i\uclear Power^The 1967 Supplement to the 1962 Report to the 
President, U.S. Atomic Energ>- Commission, February 1967, 56pp., $0.40, 




Layers of graphite blocks were used to construct the first nuclear 
reactor. On tha left is the tenth layer containing uranium oxide. On the 
right the nineteenth layer of solid blocks covers layer 18, which 
con tains n run in ni oxide. 



Articles 

The Arrival of Nuclear Power, John F. Ilogcrton, 5ciennyic American^ 218: 21 

(Fcbniary 1968). 
Next Step is the IJrccdcr Keactor. fortune, 75: 120 (March 1967). 
Tln'rd Generation of Hrccdcr Reactors, T. K. Wwmp^Scientiftc American, 216: 25 

(1967). 
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Motion Pictures 



Available for loan wUlionl cliarge from the A EC Headquarters Fi!m library. 
Division of Pnblie Information » U. S. Atomic Energy Commission. Washington. 
D. C. 20545 and from other A EC film libraries. 

Atomic Power Today: Service with Safety, 28/^2 minutes, color, 1966. Produced 
for the Atomic Industrial Fonmi. Inc., and the A EC by Seneca Productions, 
Inc. This film tells how central station nuclear power plants serve America. 
Starting with basic infonuation on how electricity is produced from water 
power and fossil fuels, the film introduces nuclear fuel as a new energy 
resource that helps keep down the cost of electricity. Components and 
construction of a power plant are i>hown, and safety features are emphasized. 

The jVuc/eorS/u> Savannah, 28/^ minutes, color. 1964. Produced b> Oricans Film 
- Productions for the U.S. Maritime Administration and the AEC. This 
nontechnical fdm covcn> the historical background, design, constniction, sea 
trials, and initial port calls of the NS Savannah^ the world's first nuclear 
fKjwered merchant ship. 

Tomorrow's Power — Today, ^% minutes, color, 1964. Produced for the AEC by 
the A[gon»e National Laboratory. This film explains why energy from the 
atom Ls needed to supplement that of conventional fossil fuels It shows how 
heat from nuclear fission is converted to electrical power and gives a brief 
survey of representative atomic power plants \\\ the U. S. 

The New Power. 45 minutes, color, 1965. Produced for the AEC's Idaho 
Operations Office by the Lookout Mountain Air Force Station. This film tells 
how the National Reactor Testing Station in Idaho is furthering the AEC's 
quest for economic nuclear power. Most of the many experimental nuclear 
reactors located at the Testing Station arc described. The film also explains 
the basic principles of power reactor construction and operation. 

Atomic Power Production, H minutes, color or black and white, 1964. This film 
in the Magic of the Aton) Series was produced by the Handel Film 
Corporation. An e.xplanation is given of how the heat cR^ated by the 
controlled chain reaction of atomic fuel in a reactor Ls converted to electrieal 
power. The basic differences in these power reactors are discu.s.scd: the 
boihng-watcr reactor, the prcssuri/ed-watcr reactor, the liquid-mctal-cooled 
reactor, and the organie-coolcd reactor. The principle of the breeder reactor is 
explained and its hnportance stressed. 

Atomic Venture, 23y2'»""»»^*^s, color, 1961. Produced by the General Electric 
Company. This film covers the design and development of a large dual-cycle 
boiling-water reactor — the 180,000'kilowatt Dresden Nuclear Power 
Station — built by the General Electric Company for the Commonwealth 
Edison Company in Chicago and the Nuclear Power Group, Inc., from its 
beginning in 1955 to its coiDplction in 1959. 

Power and Promise, 29 minutes, color, 1959. Produced by the AEC This film 
dcsenbes the Shippingport Atomic Power Station in Pennsylvania, which was 
built to advance power reactor technology and demonstrate the practicability 
of operating a central station nuclear power plant in a utility network. 
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The Day Tomorrow Began, 30 minutes color, 1967. Produced by Argonne 
National I.aborator>' for the AEC. 'I'his film tells the story of the building and 
testing of tlit: world's first reactor. By intcniew, historical film footage, and 
paintings, the motion pichire rccnacts the historic events that led to the 
dramatic jnoinnit when the first sustained chain reaction was achieved. This 
milestone in man's quest for knowledge occurred under the stands of Stagg 
Field, Chicago, on December 2. 1942. 

S\AP8: System for [Nuclear Auxiliary Power, 10 minutes, color, 1966. Produced 
by the Aerojet-General Corporation. SNAP-8 can provide a source of 
contiiuioiis power so that space voyagers may live in health and comfort for 
months at a time. In animation and live-action sequences, the fabrication and 
operation of this system is explained. 

Atomic Energy for Space, 17 minutes, color, 1966. Produced by the Handel Film 
Corporation with the cooperation of the AEC and NASA. The film explains 
why only atomic energy can satisfy some of the future power needs for the 
exploration of deep space. Nuclear energy for space is being developed 
through two basic applications. The nuclear rocket for space propulsion and 
the iso topic or reactor power plants that produce the electricity essential for 
spacecraft operations. The efficiency of nuclear and chemical rockets is 
compared and the fission process, which produces the heat for the nuclear 
engine's thrust, is explained with animation. KIWI and NERVA systems arc 
shown. .SNAP systems, which can provide electricity for spacecraft and 
satellites, are described in detail. 

First Reactor in Space: SNAP W A, 14/^ minutes, color, 1966. Produced for the 
AEC by Atomics International. Development and launch of the first reactor in 
space are described. SNAP-lOA, consisting of a nuclear reactor and power 
conversion unit, operated successfully for 43 days and produced more than 
500,000 watt-hours of electricity. This compact reactor is coupled to a 
thermoelectric converter-radiator unit that convert,*; heat from fission ui the 
reactor directly into electricity. The heat is then traiisfcrrcd to the power 
conversion unit by a liquid metal coolant. 

Nuclear Propulsion in Space, 20)^ minutes, color, 1969. Produced by NASA for 
NASA and the AEC. This film compares the heavy chemical rockets used 
toda> with the lighter nuclear rockets, which will be used in the future. These 
lighter rockets will cut tra\el time or allow an increased payload. The KIWI 
and NEKVA tests are explained and illustrated. 

The Weather Eye, 13 minutes, color, 1969. Produced by the AEC. The design, 
fabrication, and testing of SNAP- 19 are described. The electrical power 
provided by this isotope generator will supplement the solar cell power for 
data-gathering instruments and transmitters aboard a Nimbus weather 
satellite. 
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THE COVER 

A large mosaic portraying the 
treniendous energy and limitless 
scope of the peaceful atom is 
mounted on the concrete shield 
of the TRIG A teaching and re- 
search reactor at Kansas State 
University. The mosaic was de- 
signed by students of the University's Department of Architecture 
after consultation with the Department of Nuclear Engineering. Six 
and one-half feet high and four and onc«half feet wide, the mosaic 
contains nearly 10,000 pieces of colored glass. At the lower left are 
''hands of supplication" to convey mankind's hope that the gift of 
nuclear energy will be used wisely. 
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has worked in the atomic industry from 
lis beginning, lie is now an independent 
consultant. 
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gaseous diffusion project at Oak Ridge. He also served on the 
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t'.S..!., 1958'. a one-volume encyclopedia. The Atomic Energy Desk- 
book, published in 1 Atomic Fuel and Atomic Power Safety, other 
booklets in this series. 
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The U S Atomic tnergy Commission publishes this series of information 
booklets for the general public. The booklets are listed below by subject 
category. 

If you would like to have copies of these booklets, please write to the 
iollowing address for a booklet price list: 
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